Aberrant biochemical processes in the brain frequently go along with subtle shifts of the cellular epigenetic profile that might support the pathogenic progression of psychiatric disorders. Although recent reports have implied the ability of certain antidepressants and mood stabilizers to modulate epigenetic parameters, studies comparing the actions of these compounds under the same conditions are lacking. In this study, we screened amitriptyline (AMI), venlafaxine, citalopram, as well as valproic acid (VPA), carbamazepine, and lamotrigine for their potential actions on global and local epigenetic modifications in rat primary astrocytes. Among all drugs, VPA exposure evoked the strongest global chromatin modifications, including histone H3/H4 hyperacetylation, 2MeH3K9 hypomethylation, and DNA demethylation, as determined by western blot and luminometric methylation analysis, respectively. CpG demethylation occurred independently of DNA methyltransferase (DNMT) suppression. Strikingly, AMI also induced slight cytosine demethylation, paralleled by the reduction in DNMT enzymatic activity, without affecting the global histone acetylation status. Locally, VPA-induced chromatin modifications were reflected at the glutamate transporter (GLT-1) promoter as shown by bisulfite sequencing and acetylated histone H4 chromatin immunoprecipitation analysis. Distinct CpG sites in the distal part of the GLT-1 promoter were demethylated and enriched in acetylated histone H4 in response to VPA. For the first time, we could show that these changes were associated with an enhanced transcription of this astrocyte-specific gene. In contrast, AMI failed to stimulate GLT-1 transcription and to alter promoter methylation levels. In conclusion, VPA and AMI globally exerted chromatin-modulating activities using different mechanisms that divergently precipitated at an astroglial gene locus.
INTRODUCTION
The vertebrate brain is exposed to a number of environmental cues that are processed in an adaptive manner. These adaptive processes form the basis of neuroplasticity, and are characterized by often-persistent changes in neural gene expression. Epigenetics represents an essential element for transmitting environmental cues into altered neural molecular pathways (Szyf et al, 2008) . Frequently, epigenetic chromatin modifications affect the acetylation or methylation status of histones and the methylation of cytosine residues within CpG dinucleotides. Histone acetylation and DNA methylation show some degree of interdependency, although a detailed analysis of this interaction is still pending (D'Alessio and Szyf, 2006) . Epigenetic modifications subsequently alter chromatin packaging, and, if occurring in the proximity of gene promoters, exons or introns, either promote or suppress gene transcription (Herman and Baylin, 2003) . Enzymes catalyzing these epigenetic reactions belong to the classes of histone acetyltransferases (HATs) and methyltransferases (HMTs), histone deacetylases (HDACs), and DNA methyltransferases (DNMTs) (Ng and Bird, 1999) .
Recently, it has been shown how external stimuli can be translated into modified epigenetic marks for the example of the brain-derived neurotrophic factor (BDNF) promoter (Chen et al, 2003) . After membrane depolarization on isolated neurons, specific CpG dinucleotides within the BDNF promoter underwent demethylation, accompanied by the upregulation of gene transcription. Similarly, mRNA and protein levels of distinct DNMT subtypes were reduced under similar conditions, which resulted in a diminished activity of the respective enzymes (Sharma et al, 2008) .
The consequence of an intrinsically false or inadequate adaptation process in response to detrimental environmental factors such as stress might go along with the establishment of aberrant epigenetic signatures. In humans, there is mounting evidence that epigenetic mechanisms are involved in the pathophysiology of stress-related disorders, including unipolar and bipolar depression (Mill and Petronis, 2007; Petronis, 2003) . Postmortem studies of suicide victims with a history of depression or childhood abuse showed differential expression of DNMT subtypes (Poulter et al, 2008) and promoter-wide hypermethylation of ribosomal RNA gene promoters , respectively. Humans who experienced childhood abuse and committed suicide also showed increased methylation of the neuron-specific glucocorticoid receptor (GR) promoter in the hippocampus paralleled by reduced levels of the corresponding mRNA transcripts (McGowan et al, 2009) . In general, GR has a pivotal role in balancing the hypothalamic pituitary axis (HPA) in response to eg, stressful situations, and a HPA imbalance is observed in various psychiatric disorders. In rodents, it was recently shown that poor maternal care of the offspring increased DNA methylation of the GR exon 1 7 promoter in the hippocampus and, thereby impaired negative feedback regulation of HPA axis due to lower GR protein levels (Weaver et al, 2004) . Interestingly, application of an HDAC inhibitor (HDAC-I) restored normal HPA response to stress in the offspring. In addition, chronic social stress in rodents led to distinct biochemical histone modifications within the BDNF gene promoter, paralleled by a reduced BDNF transcription (Tsankova et al, 2006) .
Hence, pharmacological interference with the epigenetic setup of the cell might represent an avenue to normalize the aberrantly installed epigenetic profiles. So far, drug therapy of patients suffering from bipolar and major depression is based on the stabilization of neurotransmitter circuits that involve the serotonergic, noradrenergic, glutamatergic, and GABAergic system. Most of the therapeutic compounds exert their beneficial effects after a latency period, indicating the necessity for preceding adaptive processes. This raises the question, whether psychoactive substances would potentially interfere directly or indirectly with the epigenetic makeup of exposed cells. Indeed, the mood stabilizer, valproic acid (VPA), was the first psychoactive drug shown to exhibit HDAC inhibitory properties (Gottlicher et al, 2001; Phiel et al, 2001) . Another study investigated antiepileptic drugs and identified topiramate as an inhibitor of HDAC activity (Eyal et al, 2004) .
In this study, we aimed to comprehensively analyze the potential of frequently prescribed antidepressants, including amitriptyline (AMI), venlafaxine (VEN), citalopram (CIT), and mood stabilizers such as VPA, carbamazepine (CBZ), and lamotrigine (LTG) to affect epigenetic parameters in astrocytes. Astrocytes represent the majority of cells within the CNS, and modulate synaptic strength by their association with synapses (Schipke and Kettenmann, 2004) . In addition, astrocytes support neuronal function, as they produce neurotrophic factors, including BDNF and glial-derived neurotrophic factor, also in response to VPA exposure (Chen et al, 2006; Wu et al, 2008c) . We monitored drug-induced global epigenetic changes by measuring histone H3 and H4 acetylation/methylation, as well as by DNA methylation. To explore whether global changes would be also reflected at gene loci that are important for astrocytic function, we selected the glutamate transporter (GLT-1) promoter as a model gene.
MATERIALS AND METHODS

Primary Astrocyte Cell Culture
Enriched astroglial cultures were prepared from postnatal day 1 rat pups (Sprague-Dawley, Charles River, Sulzfeld, Germany) as described previously (Franke et al, 1998) . In these cultures, 90% of all cells represent type-1 astrocytes. Briefly, the dissected cortical hemispheres and hippocampus were trypsinized (Invitrogen, Merelbeke, Belgium); trypsin action was terminated by adding Hanks' balanced salt solution (Invitrogen), supplemented with 10% fetal calf serum. The tissue was passed through a serological pipette, spun, and resuspended in modified Eagle's medium (MEM, Invitrogen) supplemented with 10% horse serum (Invitrogen). After the third passage, the cells were maintained in a serumfree (MEM/ Ham's F-12, 1 : 1) N2-supplemented medium.
Pharmacological Treatment of Astrocytes
All experiments were carried out using third-passage astrocytic cells. Sodium butyrate (NaB), VPA, CBZ, LTG, AMI, CIT, and trichostatin A (TSA) were purchased from Sigma (Deisenhof, Germany). VEN was an industrial donation (Wyeth Pharma GmbH, Münster, Germany). Stock solutions of the drugs were prepared by dissolving the substances in distilled water (VPA, NaB, AMI, CIT, VEN), 100% ethanol (TSA), or DMSO (CBZ, LTG). When treating cells for 72 h, the drug-containing medium was renewed after 48 h. For washout experiments, after 72 h of treatment, the cells were rinsed twice with the medium, and thereafter kept in the absence of the drug for an additional 48 h.
Cellular Protein Extraction and Western Blot Analysis
Cells were lysed in the buffer containing 62.5 mM Tris, 2% SDS, and 10% sucrose, supplemented with protease inhibitor cocktail (Sigma). Samples were sonicated and heated at 951C for 5 min. Proteins were separated by SDS-PAGE and electrotransferred onto nitrocellulose membranes. Blots were placed in Tris-buffered saline, supplemented with 0.05% Tween (Sigma) and 5% non-fat milk for 1 h at room temperature, and then incubated with primary antibody (diluted in TBS/0.05% Tween) overnight at 41C. Subsequently, the blots were washed and probed with the respective horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The immunoreactive bands were visualized using the ECL detection reagent (Millipore, Billerica, MA, USA). The following primary antibodies were used: anti-acetyl-Histone H3 antibody (recognizes acetylation at lysine 9; 1 : 2000; no. 06-942, Upstate, Temecula, CA, USA), anti-acetyl-Histone H4 antibody (recognizes acetylation at lysines 5, 8, 12, and 16; 1 : 4000; Upstate) , anti-DNMT-1 (1 : 1000; no. IMG-261A, IMGENEX, San Diego, CA, USA), anti-GADD 45a (1 : 250; no. sc-6850, Santa Cruz Biotechnology, Heidelberg, Germany), anti-dimethyl-Histone H3 antibodies (react with methylated histones on lysine 9 or 27; 1 : 4000; a kind gift from Dr Thomas Jenuwein, Max-Planck-Institute of Immunobiology, Freiburg, Germany), anti-a-actin (1 : 2500; no. A2066, Sigma), and anti-hsp90 (1 : 2000; no. sc-7947, Santa Cruz Biotechnology). Determination of the relative optical density and quantification of band intensities were performed using the Kodak Image Analysis Software.
DNMT Activity Assay
Nuclear extracts from cortical astrocytes were obtained using the EpiQuik Nuclear Extraction Kit (Epigentek, Brooklyn, NY) according to the manufacturer's instructions. DNMT activity was determined by incubating 4 mg of protein nuclear extract with 0.5 mg Poly (deoxyinosinicdeoxycytidylic) acid (Poly(dI-dC) Á Poly(dI-dC); Sigma) in reaction buffer (20 mM Tris pH 7.8, 10% glycerol, 5 mM EDTA, 1 mM DTT, 0.2 mM PMSF) containing 3 mM S-adenosyl-L-[methyl-3H]methionine ( 3 H-SAM, specific activity: 15 Ci/mmol; GE Healthcare, Munich, Germany) for 3 h at 371C. Thereafter, DNA was isolated using the GeneClean Kit (MP Biomedicals). To reduce background signals, three washing steps were conducted and the DNA binding step was performed in the presence of a 1000 times excess of unlabeled SAM to reduce nonspecific binding of the labeled SAM. To minimize the loss of DNA, genomic DNA (3 mg per sample) was added to the binding buffer.
Isolation of Genomic DNA
Isolation of genomic DNA was carried out by salting out proteins and precipitating the genomic DNA with isopropanol as described previously (Zschocke et al, 2007) .
Luminometric Methylation Analysis
Luminometric methylation analysis (LUMA) was performed according to Karimi et al (2006) , with minor modifications.
Briefly, 2 mg of genomic DNA was cleaved with 4 Units of Eco RI (Fermentas, St Leon-Rot, Germany) in a buffer containing 66 mM Tris-acetate, 20 mM Mg-acetate, 0.2 mg/ml BSA, 132 mM K-acetate pH 7.9, for 2 h at 371C. Eco RI was inactivated at 651C for 20 min. Subsequently, the reaction content was diluted by adding an equal amount of dH 2 O. In two separate 20 ml reactions, DNA (1 mg each) was subjected to enzymatic digestion by adding 2 Units of Hpa II or Msp I (New England Biolabs, Frankfurt, Germany), and the mixture was incubated 4 h at 371C. After heat inactivation of Hpa II and Msp I at 651C for 20 min, samples were processed using a pyrosequencer (Biotage, Uppsala, Sweden). The Hpa II/Eco RI and Msp I/Eco RI ratios were calculated, and the result of the measurement was expressed as the percentage of CCpGG methylation.
Methylation Analysis by Bisulfite Genomic Sequencing
Bisulfite treatment of genomic DNA (2 mg) was performed using the EpiTech Bisulfite Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Bisulfitespecific primers were designed using Methyl Primer Express Software (Applied Biosystems). The PCR mixture was composed of 1 Â PCR Buffer (Invitrogen), 1.5 mM MgCl 2 (Invitrogen), 0.2 mM of each dNTP (peqLAB, Erlangen, Germany), 0.5-1 mM of each primer, and 4 Units of DNA Taq polymerase (Invitrogen). Sequences of primers are listed in Table 1 . Methylation of individual CpG sites was detected by direct sequencing (Qiagen). All sequencing reaction mixtures were based on the BigDye 3.1 Terminator chemistry (Applied Biosystems). Data collection was carried out on a 3730 Â l DNA Analyzer (Applied Biosystems).
Quantitative Real-Time RT-PCR
Total RNA was prepared from astroglial cells according to the manufacturer's protocol for NucleoSpin RNA II (Macherey-Nagel, Düren, Germany). A total of 500 ng of purified RNA was transcribed with random primers and Psychoactive drugs impact on epigenetic marks T Perisic et al
Omniscript Reverse Transcriptase (Qiagen). Quantitative real-time PCR analysis of GLT-1 cDNA was performed using the LightCycler Carousel-Based System (Roche Applied Science, Mannheim, Germany) and SYBR green (QantiFast SYBR Green, Qiagen). b-Actin was used as an endogenous control for normalization. The primers used are listed in Table 1 . Relative changes of gene expression were calculated using the comparative DDC T method.
Transient Transfection and Luciferase Reporter Assay
Approximately 3À5 Â 10 6 primary cortical rat astrocytes were transiently transfected with human EAAT2 promoter reporter plasmid (a kind gift from Dr Jürgen Engele, University of Leipzig, Leipzig, Germany) using Amaxa's Nucleofector device (Amaxa Biosystem, Cologne, Germany). Simian virus 40 promoter-driven nonsecretory Gaussia luciferase expression vector was cotransfected to correct for transfection efficiency. Twenty-four hours after transfection, drug treatment was carried out for 24 h. Luciferase assays were performed by applying the Dual Luciferase Assay System (Promega, Mannheim, Germany) using the TriStar LB941 Luminometer (Berthold Technologies, Wildbad, Germany).
Chromatin Immunoprecipitation
After pharmacological treatment, 2 Â 10 6 astrocytes were fixed in vivo with 1% formaldehyde for 10 min, and the reaction was finally quenched with 0.125 M glycine for 5 min at RT. From then on, all steps were carried out at 41C, if not stated otherwise. Nuclei were extracted in 1 ml hypotonic buffer composed of 0.5% Igepal-CA630, 10 mM KCl, 1.5 mM MgCl 2 , and 10 mM HEPES, pH 7.9, followed by 15 min of incubation on ice and brief homogenization. Nuclei were recovered by 5 min by centrifugation at 800 g. Nuclear pellets were dissolved in 400 ml lysis buffer (containing 1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) and sonicated using a Branson sonifier (12 Â 20 s bursts, 90% pulse, output control 4). The average length of DNA fragments generated by sonication was 500 bp. Two 200 ml aliquots (for IgG control and 2 mg of anti-acetyl-H4 antibody) were 1 : 10 diluted in ChIP dilution buffer (0.01% SDS, 1.1% Triton, 1.2 mM EDTA, 167 mM NaCl, and 16.7 mM Tris-HCl, pH 8.1) and precleared for 3 h with blocked Dynabeads (Promega, protein A coupled, blocked with 0.1% BSA and 0.05% salmon sperm DNA). Anti-acetyl-H4 antibody was added to the samples, preincubated for another 2 h, and rotated overnight with blocked Dynabeads. Four subsequent washing steps were carried out using low salt (0.1% SDS, 1% Triton, 2 mM EDTA, 150 mM NaCl, 20 mM TrisHCl, pH 8.1), high salt (see low salt, except 500 mM NaCl), LiCl (0.25 M LiCl, 1% NP-40, 1% deoxy-cholate, 1 mM EDTA, 10 mM Tris-HCl, ph 8.1), and TE buffer. Elution and reversion of cross-links were performed in buffer containing 1% SDS, 50 mM NaHCO 3 , 1 mM EDTA, 50 mM Tris-HCl pH 8.0, for 2 h at 621C and a final 951C heating step for 5 min. DNA was purified using the ultra-clean PCR Cleanup Kit according to the manufacturer's instructions (MoBio Laboratories, Carlsbad, CA, USA), and later on used in realtime PCR using primers listed in Table 1 .
RESULTS
VPA, but not Other Psychoactive Drugs, Induce Global Histone Hyperacetylation
In this study, we set out to explore the effects of different classes of antidepressants (such as VEN, CIT, AMI) and mood stabilizers (such as VPA, LTG, CBZ) on the epigenetic machinery of primary rat astrocytes, which express the classical targets of antidepressants such as serotonin and noradrenaline transporters, and different 5 HT-receptor subtypes (Azmitia, 2001; Inazu et al, 2001; Inazu et al, 2003) . To further evaluate mechanistic aspects, we also included the established HDAC-I TSA and NaB in some assays.
First, we measured the degree of global histone H3 and H4 acetylation (AcH3, AcH4), which is indicative of cellular HAT and HDAC activity, after 24 h of drug exposure at two different concentrations. The lower concentrations are in the range of therapeutic plasma levels, whereas higher concentrations represent a value that might be reached in the brain assuming cumulative processes and enrichment of the drugs at the loci of action. In addition, TSA was used as a pan-inhibitor of HDACs. Western blot analysis showed that out of all psychoactive drugs, only VPA induced hyperacetylation of both histones H3/H4 in a dosedependent manner (Figure 1 ). Moreover, there was no profound difference in the pattern of induction when comparing astrocytes from the hippocampus and cortex.
Dynamic Changes of Histone Hyperacetylation After VPA Exposure
To evaluate the dynamics of VPA-mediated histone acetylation during and after drug exposure, we conducted a time-course analysis of 24 and 72 h VPA treatment, followed by a drug-removal step for 48 h. In both, cortical and hippocampal astrocytes, VPA-induced hyperacetylation of H3K9 was stronger after 24 h than after 72 h, whereas this difference was less pronounced in the case of H4 acetylation (Figure 2) . A similar trend was observed in cells treated with 0.2 mM TSA. Forty-eight hours after VPA withdrawal, AcH3K9 and AcH4 returned to basal levels. Our results indicate that the effects of VPA on histone acetylation are only transient, peak during the first hours of treatment, and are fully reversible after drug removal.
DNA Demethylation at CCpGG Sites Exerted by VPA is Reversible
Histone acetylation and DNA methylation operate in a concerted manner. In agreement with this hypothesis, HDAC-Is are capable of inducing DNA demethylation in human cancer cell lines (Detich et al, 2003; Ou et al, 2007) and in vivo (Dong et al, 2007) . Therefore, we examined whether VPA/TSA trigger CpG demethylating in nontransformed primary astrocytes. In total, three different methods were used to determine the degree of global CpG methylation. LUMA measures the average methylation status of all CCpGG sites by Hpa II/Msp I restriction analysis, coupled to a Taq polymerase-dependent luminometric reaction. The second, capillary electrophoresis technique depicts the average methylation status of all cytosines. Third, we analyzed long interspersed nuclear elements (LINE-1), serving as surrogate markers of global DNA methylation changes (Yang et al, 2004) , by applying direct bisulfite sequencing of a certain stretch of the LINE-1 ORFII.
First, we validated the accuracy of LUMA and bisulfite sequencing with respect to CpG methylation. There was a high degree of similarity between results obtained by LUMA and direct bisulfite sequencing (r 2 ¼ 0.98, Supplementary Figure S1a) .
As determined by LUMA, untreated cortical and hippocampal astrocytes displayed 64 ± 1% and 67 ± 1% methylation of CCpGG sites, respectively (Supplementary Figure  S1b) . In cells from the cortex, treatment with 1 mM VPA induced significant demethylation after 72 h (À4.9 ± 1.8%), whereas 48 h after drug withdrawal, the level of CCpGG methylation returned to baseline (Table 2) . At a concentration of 10 mM, VPA triggered DNA demethylation by À7.5 ± 1.3% already after 24 h, and reached À17.2 ± 2.0% after 72 h. Again, demethylation was reversed after 48 h of drug washout. In cells from the hippocampus, results obtained by LUMA were slightly less coherent. After 24 and 72 h of 1 mM VPA exposure, significant hypomethylation (À9.7±2.4% and À5.2±0.6%, respectively) was observed. Higher doses of VPA of 10 mM induced À5.0 ± 1.4% hypomethylation after 72 h. Although the reversibility of methylation changes was not as pronounced as in the cortex, it appeared to be in this direction. Finally, 0.2 mM TSA induced significant DNA hypomethylation at CCpGG sites in the cortex and hippocampus. Collectively, our results suggest that VPA-induced hypomethylation of CCpGG profiles are present in both brain regions, although magnitude and kinetics seem to differ slightly.
DNA demethylation processes can occur passively by eg, retention of DNMT enzymes in the cytoplasm during cellcycle transitions. In addition, active mechanisms of DNA demethylation occurring in quiescent cells in short periods of time are discussed, requiring a putative demethylating enzyme or DNA repair machinery. To determine the percentage of cells present in different stages of the cell cycle, we conducted flow cytometry analysis (Supplementary Figure S2 ). Prolonged treatment with 10 mM VPA for 72 h increased the percentage of G 1 /G 0 cells by 9% (92±1% of the total cells), paralleled by a reduction of cells in the S-and G 2 /M-phase (2 ± 1% and 6 ± 1% of the total cells, respectively). The cell-cycle data illustrate that very few of the untreated astrocytes were in the S-phase and VPA reduced this number even further. Thus, it seems very unlikely that the VPA-mediated reduction in DNA methylation by 18% (LUMA) can be accounted for by the few dividing cells. Thus, VPA might rather trigger active demethylation processes as already claimed by other groups for eg, HEK293 cells (Detich et al, 2003) . were treated with VPA (1 and 10 mM), LTG (10 and 100 mM), CBZ (10 and 100 mM), VEN (1 and 10 mM), CIT (1 and 10 mM), AMI (1 and 10 mM), or with the HDAC inhibitor TSA (0.2 mM) for 24 h. After drug treatment, cell lysates were prepared and subjected to western blot analysis using polyclonal antibodies against AcH3K9 and AcH4. AcH3K9 and AcH4 band intensities were normalized to a-actin. The bars are depicted as the percentage of optical band densities (mean±SE, n ¼ 2) calculated relative to the value that corresponds to histone acetylation induced by TSA (set to 100%); t-test: *po0.05 vs untreated cells, **po0.005 vs untreated cells.
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T Perisic et al Figure 2 VPA induces dynamic changes of AcH3K9 and AcH4 patterns in astrocytes from different brain regions. Cortical (a, b) and hippocampal (c, d) astrocytes were exposed to 1 and 10 mM VPA for 24, 72, and 72 h, followed by a 48 h washout period, whereas a single dose of TSA (0.2 mM) was applied for 24 and 72 h. The level of AcH3K9 and AcH4 was monitored by western blot analysis and detected with AcH3K9-and AcH4-specific antibodies. a-Actin immunoreactivity served as a control for protein loading. Optical densities of AcH3K9-and AcH4-specific bands were normalized to a-actin. Data represent mean ± SE (n ¼ 2) of the percentage of optical band densities calculated relative to the value that corresponds to histone acetylation induced by 24 h treatment with 0.2 mM TSA (set to 100%); 
Amitriptylin Induces Genome-Wide CCpGG Hypomethylation Independent of HDAC Inhibition
We further examined whether drugs that do not possess HDAC inhibitory activities might also alter the degree of DNA methylation. For that purpose, we chose AMI from the group of antidepressants, and LTG as a mood stabilizer, and treated cortical astrocytes with 100 mM LTG for 72 h and with 1 or 10 mM AMI (for 24 and 72 h). Surprisingly, AMI (1 mM) exposure led to a significant decrease of methylation at CCpGG sites after 24 and 72 h (À7.4 ± 4.2% and À9.7±4.0%, respectively) ( Table 2) . A higher dose was also effective after 72 h of the treatment (À9.2±2.0%). In contrast, LTG exposure did not produce changes of DNA methylation. Thus, AMI induced significant DNA hypomethylation (Table 2 ) in the absence of global histone hyperacetylation (Figure 1) , which was partially reversible after drug withdrawal.
Total Cytosine Methylation is not Altered by Drug Exposure
Of all CpG sites in the genome, CCpGG tetranucleotides represent only a minor part of approximately 7-8%, where 35.25% of these sites are located in transposable elements, 64% in unique sequences, from which 14% are in CpG islands, as calculated for the mouse genome (Fazzari and Greally, 2004) . As LUMA exclusively detects CCpGG sites, we additionally performed capillary electrophoresis analysis covering the methylation status of all CpG sites. The equivalent LUMA samples of (1) the time course of high dose VPA and (2) the 72 h time point of high dose AMI were subjected to capillary electrophoresis analysis. Strikingly, differences in total cytosine methylation levels between control and treated astrocytes could not be detected by capillary electrophoresis (Supplementary Table 1 ). Possibly, smaller changes in cytosine methylation that might not be evenly distributed over the whole genome, but rather located at certain CCpGG-rich DNA regions, could be better resolved by LUMA than by the capillary electrophoresis technique. Finally, genomic DNA derived from cortical astrocytes treated with VPA (10 mM), TSA (0.2 mM), AMI (10 mM), and LTG (100 mM) for 72 h showed no differences in the average methylation levels of total LINE-1 CpGs sites compared with control cells (Supplementary Figure S3a-c) . Together with the results obtained from capillary electrophoresis and LUMA analysis, we propose that VPA, TSA, and AMI do not cause ample DNA hypomethylation randomly at any CpG site of the genome, but rather at distinct regions that are likely enriched in CCpGG tetranucleotides and prone to DNA demethylating events.
Modulation of the Epigenetic Signature of an Astrocyte-Specific Promoter by VPA and TSA
On the basis of our observations that VPA triggers global histone hyperacetylation and DNA hypomethylation events, and that AMI, to a certain extent, influences the genomic DNA methylation status as well, we speculated whether genes crucial for the physiology of astrocytes are among the affected loci. As a paradigm, we chose the glutamate transporter subtype, GLT-1 (EAAT2, human homolog), the gene product ensuring low resting glutamate concentrations in the synaptic cleft (Choi, 1988; Rothstein et al, 1996) . Previously, we collected data of an epigenetic component of human EAAT2 regulation (Zschocke et al, 2007) , and there is increasing evidence that a disturbed glutamatergic neurotransmission in psychiatric disorders might also be affected by pharmacological interventions (Hashimoto et al, 2007; Javitt, 2004) .
Hence, we determined the methylation status of the rat GLT-1 gene covering a substantial part of the 5 0 -UTR and two parts of distinct promoter regions by bisulfite sequencing. The 5 0 -UTR of GLT-1 is composed of a classical CpG island (Zschocke et al, 2005) . Sequencing of approximately two-thirds of the CpG island (Figure 3a) showed that all inspected CpG dinucleotides were unmethylated in untreated cortical astrocytes. Furthermore, a region outside the CpG island located B900 bp upstream of the ATG start codon was also completely unmethylated (data not shown). Nevertheless, a region B1950 bp relative to the ATG start codon that contains putative binding sites for two chromatin-associated transcriptional regulators, proofed to be differentially methylated before and after drug exposure. Three CpG sites at positions À1978, À1958, and À1929 were methylated to 34 ± 1%, 33 ± 1%, and 36 ± 2%, respectively, in untreated cells, as measured by direct bisulfite sequencing (data not shown). A 72 h treatment with 10 mM VPA led to a reduction of methylation at all three sites (À18.3±7.8%, À16.8±0.3%, and À27.7±4.6%, respectively) (Figure 3b) . Similarly, TSA noticeably decreased cytosine methylation by À27.7 to À32.5%. In contrast to VPA/TSA, AMI (10 mM, 72 h) did not induce significant changes at any of the examined CpG dinucleotides. Similarly, LTG (100 mM, 72 h) did not change the methylation at positions À1978 and À1958, although a small increase in cytosine methylation was detected at position À1929 ( + 9.2 ± 1.8%). Our findings show that global CCpGG DNA hypomethylation induced by VPA, TSA, and AMI have differential impacts at the single gene level.
To further characterize the epigenetic signature at the GLT-1 promoter after drug exposure, we investigated the composition of acetylated histone H4 at the differentially methylated promoter stretch by chromatin immunoprecipitation (ChIP). Indeed, we observed a 3.5-fold enrichment of acetylated H4 at the GLT-1 promoter in VPA (10 mM, 72 h) treated cortical astrocytes, as compared with control cells (Figure 3c ).
HDAC-Is Increase GLT-1 Gene Transcription in Cortical Astrocytes
As VPA and TSA treatment resulted in an altered epigenetic composition of the GLT-1 promoter that potentially leads to a more relaxed chromatin structure, we tested whether these compounds are able to enhance GLT-1 mRNA transcription. In untreated cortical astrocytes, GLT-1 mRNA was detected at fairly moderate levels as determined by real-time PCR. After stimulation with VPA (low millimolar range) or TSA (low nanomolar range) for 24 h, we observed a dose dependent B4-fold increase of GLT-1 mRNA, respectively (Figure 4a and b) . Moreover, neither AMI nor LTG influenced GLT-1 mRNA expression (data not shown). A reporter gene assay with the human GLT-1 promoter ortholog coupled to a luciferase gene confirmed the activation of the promoter by VPA and TSA, but not by LTG or AMI treatment (Figure 4c ). This alludes to a role of transacting factors that might be triggered by VPA/TSA, as chromatin modifications at the reporter plasmids might be less relevant. We further tested whether the HDAC-I NaB also exerts an effect on GLT-1 expression in cortical astrocytes. Application of 1 mM NaB increased GLT-1 mRNA transcript levels after 72 h, but not at 24 h of treatment as determined by real-time PCR analysis (Figure 4d ). Compared with VPA and TSA, this regulatory effect was weaker with regard to the kinetics of gene activation. In conclusion, CpG demethylation and histone hyperacetylation of a distinct region of the GLT-1 promoter induced by VPA or TSA was associated with an increased transcriptional activity of the gene. Conversely, AMI and LTG, failing to modify epigenetic marks at the promoter, did not enhance the basal transcription of GLT-1. 0 -UTR of GLT-1 and adjacent promoter region. Empty circles represent unmethylated CpG regions, whereas filled circles represent moderately methylated individual CpGs (B34%), as measured in untreated cortical astrocytes. The genomic sequence of GLT-1 distal promoter region is shown and putative binding sites for myb-like transcriptional regulator (myb TR) and for nuclear factor-1 (NF-1) are depicted. (b) CpG methylation changes were monitored at individual CpG sites (À1978, À1958, and À1929) after drug exposure. Cortical astrocytes were treated for 72 h with 10 mM VPA, 0.2 mM TSA, 10 mM AMI, and 100 mM LTG. After treatment, genomic DNA was isolated, bisulfite-converted, PCR amplified, and submitted to direct sequencing. Bars represent percentage change of CpG methylation (mean±SE, n ¼ 3) compared with untreated cells; t-test: *po0.05 vs control, **po0.005 vs control, ***po0.0005 vs control. (c) Cortical astrocytes were exposed to 10 mM VPA for 72 h, genomic DNA was isolated, fragmented and immunoprecipitated using an anti-AcH4 antibody or IgG control. Precipitated DNA was subjected to real-time PCR analysis with a GLT-1 promoter-specific set of primers. AcH4 enrichment is depicted as fold-increase±SE (n ¼ 2) compared with untreated cells (set to 1). The results are normalized to input; t-test: ***po0.0005 vs control.
Cellular DNMT-1 and GADD 45a Protein Levels are Unaffected by VPA/TSA and AMI The molecular mechanisms of DNA demethylation are still unclear. We focused our further analysis on two key factors that are responsible for propagation, maintenance, or de novo establishment of DNA methylation patterns, namely DNMT-1 and GADD 45a (growth arrest and DNA damageinducible protein 45a). In cortical astroglial cells, treatment with 1 and 10 mM VPA or with 200 nM TSA for 24 and 72 h, did not significantly decrease the levels of DNMT-1 protein under either condition (Figure 5a ). In addition, AMI did not influence DNMT-1 levels under the specified treatment regiment (Figure 5b) . Recently, it has been proposed that GADD 45a might have an active role in demethylating DNA (Barreto et al, 2007) . As shown in Figure 5a and b, VPA/TSA and AMI did not robustly alter GADD 45a expression levels, although TSA slightly reduced protein levels after prolonged exposure. Our data imply that global changes in DNA methylation are not correlated with major differences in DNMT-1 or GADD 45a protein levels after VPA/TSA and AMI administration.
DNMT Activity is Differentially Affected by VPA and AMI
To test the possibility that DNMT activity is directly modified by VPA or AMI, we performed an in vitro methylation assay using poly dIdC DNA as template and tritium-labeled S-adenosyl-methionine ( 3 H-SAM) as substrate. Nuclear extracts of VPA (10 mM, 72 h)-and AMI (1, 10 mM; 72 h)-treated cortical astrocytes were subjected to methylation reaction, and the amount of incorporated 3 H-SAM was quantified (Figure 5c ). In parallel, aliquots of nuclear extracts were analyzed for DNMT-1 levels by western blot (data not shown). VPA did not reduce the amount of incorporated SAM, nor were nuclear DNMT protein levels significantly reduced in the nuclear extracts, indicating that VPA does not impair DNMT function. Conversely, 10 mM AMI led to a dramatic reduction in DNMT enzymatic activity of B55% (Figure 5c ), concomitantly with unchanged DNMT-1 levels (data not shown). Application of the specific DNMT inhibitor 5-aza-deoxycytidine (8 mM; 3-11 days) reduced the activity of DNMT by approximately 50-90%, which proofs the reliability of the Figure 4 HDAC inhibitors VPA and TSA increase GLT-1 gene transcription in a dose-dependent manner. GLT-1 transcript levels were quantified by real-time PCR after 24 h treatment with 2.5, 5, and 10 mM VPA (a) and with 5, 15, or 30 nM TSA (b) and 24 and 72 h after 1 mM NaB treatment (d). Real-time PCR analysis was carried out with total RNA derived from treated and untreated (Co) cortical astrocytes and with GLT-1-and actin-specific primers. (control is set to 1; bars depict mean±SE (n ¼ 3) of the fold-increase; t-test: *po0.05 vs control, **po0.005 vs control.) (c) Reporter gene assays were conducted to directly assess promoter activity. Cortical primary astrocytes were transiently transfected with reporter plasmid containing a homolog of the human GLT-1 promoter coupled to a luciferase gene. The cells were cotransfected with nonsecretory Gaussia luciferase expression vector for normalization. The luciferase activity was assayed 24 h after applying drugs at the indicated concentrations. Bars present mean±SE (n ¼ 3-5) of the fold-increase compared with untreated cells (set to 1); t-test: *po0.05 vs control.
assay to monitor DNMT activity changes. Altogether, our results indicate different modes of actions by VPA and AMI to reduce DNA methylation.
VPA and AMI Differentially Modulate Histone H3K9 Methylation Marks
So far, our results endorsed the idea of differing actions of VPA and AMI with regard to histone acetylation patterns and induction of GLT-1 expression. To corroborate these findings with other putative differences, we focused on further histone marks, the dimethylation of histone H3 at lysine residues 9 (2MeH3K9) and 27 (2MeH3K27). Psychoactive drugs possess the potential to influence the level of histone methylation in vivo (Huang et al, 2007; Tsankova et al, 2006; Wilkinson et al, 2009 ). We exposed cortical and hippocampal astrocytes to VPA (1 and 10 mM) and AMI (1 and 10 mM) for 24 h, and performed western blot analysis using 2MeH3K9-and 2MeH3K27-specific antibodies. VPA slightly, but significantly, decreased the levels of 2MeH3K9, whereas AMI showed a minor and nonsignificant increase of this repressive histone mark (Figure 6a and b) . The applied drugs exerted no effect on 2MeH3K27 in both brain regions (Figure 6c and d) . It is noteworthy that although the slight increase in 2MeH3K9 levels induced by NaB (applied at 0.1 and 1 mM for 24 h) was not significant compared with controls, these levels were significantly different from the reduced levels in response to the structurally related drug, VPA (Figure 6a and b) . In this context, it is worth mentioning that NaB exposure did not result in global CCpGG methylation changes, although both substances VPA and NaB increased acetylation of H3 and H4 to a similar extent (data not shown). Collectively, our data support the idea that VPA and AMI affect different chromatin components as reflected at the level of 2MeH3K9 or AcH3/4. Furthermore, also structurally similar HDAC-I like VPA and NaB do not necessarily match in their epigenetic modes of action. This is in agreement with other studies showing various HDAC-I differentially affecting target genes (Hauke et al, 2009 ).
DISCUSSION
There is mounting evidence that psychiatric illnesses, major depression in particular, are associated with compromised glial function. For example, a reduced number of glial cells was reported in the prefrontal, orbitofrontal, and cingulate cortex (Cotter et al, 2001; Rajkowska et al, 1999) . A number of animal studies replicated similar findings, for example, describing a 25% reduction of glial cells in the hippocampal formation of psychosocially stressed male tree shrews (Czeh et al, 2006) . It is noteworthy that fluoxetin treatment for 28 days prevented the numerical decrease in astrocytes of the animals. Hence, abnormal astrocytic function might add to the pathogenesis and progression of mood disorders by deteriorating neuroplasticity and related processes. It has become increasingly evident, that beside neurons being the primary targets of antidepressant/mood stabilizer action, astrocytes also respond to these treatments (Manev et al, 2003; Pavone and Cardile, 2003) .
In this study, we evaluated the effects of CIT, AMI, VEN, as well as VPA, LTG, and CBZ on various aspects of astroglial epigenetic parameters. For mechanistic insight, we also applied broad-spectrum HDAC-I, including TSA and NaB. With regard to HDAC subtypes, TSA is generally considered to inhibit both class I and class II HDACs, whereas VPA and NaB are preferentially class I inhibitors (Guardiola and Yao, 2002; Gurvich et al, 2004) . Of all psychoactive drugs tested, only VPA led to a pronounced and transient global hyperacetylation of histones H3 and H4, paralleled by a small and transient demethylation of genomic CCpGG tetranucleotides. These results are consistent with previous studies showing that VPA directly inhibits the catalytic center of HDAC 2 with an EC 50 value of 0.52 mM and of HDAC 5/6 with an EC 50 of 2.4 mM (Gottlicher et al, 2001) . HDAC-Is such as MS-275 and TSA also diminish DNMT-1, À3a and À3b protein levels and Cortical astroglial cells were treated with VPA, AMI, and TSA ranging from 24 to 72 h, including drug washout as specified. Western blot analysis was carried out using cellular extracts prepared from cortical astrocytes, which were probed with DNMT-1-, GADD 45a-, a-actin-, or hsp90-specific antibodies. (c) Cells were treated with VPA (10 mM), AMI (1,10 mM), and 5-Aza (8 mM) for 3d or 6-11d (5-Aza, long-term). Nuclear extracts were isolated and supplemented with the respective drugs. DNA methyltransferase activity was quantified by measuring the incorporation of S-adenosyl-L-[methyl-3H]methionine into the substrate Poly(dI-dC) Á Poly(dI-dC). Data are presented as relative DNA methyltransferase activity ± SE (n ¼ 2 for VPA/5-Aza, n ¼ 4 for AMI). Control is set to 100%.
enzymatic activity in NT-2 precursor cells, tentatively explaining the mechanism of DNA demethylation events (Kundakovic et al, 2009) . In primary astrocytes, we found no changes in DNMT-1 levels upon VPA administration. GADD 45a, a protein involved in cell-cycle control and DNA repair, represents a candidate as a mediator for active DNA demethylation as the overexpression of GADD 45a activates methylation-silenced reporter plasmids and promotes global DNA demethylation. VPA upregulates GADD 45a in N1E-115 neuroblastoma cells, thereby inducing growth arrest (Yamauchi et al, 2007) , whereas in astroglial cells, GADD 45a levels were not elevated after VPA and TSA exposure in our experimental setup. Hence, we conclude that mechanisms other than DNMT-1 downregulation and GADD 45a upregulation are accountable for VPA-mediated CCpGG demethylation in quiescent cells. It is noteworthy that LINE-1 retrotransposons were spared from demethylation events, and methylation changes were not measurable at total cytosine residues, possibly due to resolution limits of capillary electrophoresis. In that context, VPA presumably does not reactivate silenced retrotransposons, which would harbor a mutagenic risk for the cell, and also does not mediate the demethylation of the gross of genomic CpG sites. We further observed small brain region-specific differences in responsiveness to DNA demethylation triggered by VPA, with generally lower magnitudes in the hippocampus.
Although it has been shown that CBZ inhibits representatives of class I and class II HDACs leading to slightly increased AcH4 levels in human HepG2 and HEK cell lines (Beutler et al, 2005) , CBZ did not exert similar effects in primary astrocytes. Possibly, cells treated with CBZ need to actively proliferate to be more susceptible for these minor acetylation changes, as opposed to VPA. Moreover, LTG did not mediate any changes in the global histone acetylation profile in astrocytes. Similarly, acutely administered antidepressants CIT, AMI, and VEN did not show any significant influence on the global H3 and H4 acetylation status in hippocampal and cortical astrocytes. At this point in time, we cannot exclude the possibility that chronic administration of the drugs over several weeks might, nevertheless, change the degree of histone acetylation. Daily i.p. injections of fluoxetine, a substance related to CIT, over 10 days leads to an increase in HDAC2 immunoreactivity in coronal tissue sections, accompanied by reduction in global acetylated histone H3 (Cassel et al, 2006) . Furthermore, chronic, but not acute imipramine treatment of socially Figure 6 Differential effects of VPA and AMI on H3K9 dimethylation levels. Cortical (CTX) and hippocampal (HPC) astrocytes were treated with VPA (1 and 10 mM), AMI (1 and 10 mM) and NaB (0.1 and 1 mM) for 24 h. Western blot analysis was performed using antibodies directed against (a, b) dimethyl-H3K9 (a-2MeH3K9) or (c, d) dimethyl-H3K27 (a-2MeH3K9). As a control for protein loading, a-actin-specific antibody was used. Data represent mean±SE (n ¼ 3) of the percentage of optical band densities normalized to a-actin immunoreactivity. Control is set to 1; t-test: *po0.05.
Psychoactive drugs impact on epigenetic marks
T Perisic et al stressed animals induces hyperacetylation of H3 at distinct regions of the BDNF gene potentially mediated by the downregulation of HDAC5 expression. Surprisingly, although AMI did not display any HDAC inhibitory properties, it induced DNA hypomethylation at CCpGG sites in cortical astrocytes, similarly to VPA. This observation raised the possibility that DNA hypomethylation does not depend on histone hyperacetylation. Indeed, DNMT enzymatic activity was markedly reduced in AMItreated astroglial cells from the cortex. To our knowledge, only very few studies deal with psychoactive drug-induced changes of the global degree of DNA methylation. For instance, 3-weeks administration of haloperidol, an antipsychotic drug, to rats was documented to result in a small, but significant reduction in total methyl-cytosine content (Shimabukuro et al, 2009) .
DNA methylation and histone acetylation are complemented by combinatorial monomethylation, dimethylation, or trimethylation of histones H3/H4 to form a complex epigenetic code-controlling gene transcription (Lachner and Jenuwein, 2002) . There exists a functional interplay of enzymes establishing various histone and DNA modifications. For instance, HDAC and H3K9 HMT G9a are recruited to chromatin sites together with transcriptional coactivators (Roopra et al, 2004) , and DNMT-1 was reported to interact with SUV39H1, a histone H3K9 methyltransferase (Fuks et al, 2003) . Our data show that VPA exposure caused a slight but specific reduction in the levels of dimethyl-H3K9, leaving dimethyl-H3K27 unchanged. In line with our results, HDAC-I desipeptide decreases the level of H3K9 methylation and induces DNA demethylation by reducing G9A and SUV39H1 activity and DNMT-1 binding, respectively (Wu et al, 2008b) . In contrast to VPA, AMI did not change dimethyl-H3K9 levels.
Global epigenetic alterations caused by VPA hit a selected gene promoter, the activity of which is crucial for astrocytic functionality, GLT-1. At glutamatergic synapses, GLTs recycle released extracellular glutamate back into astrocytes to terminate postsynaptic and presynaptic receptor activation (Schousboe and Waagepetersen, 2006; Vandenberg, 1998) . Distinct parts of the GLT-1 promoter were demethylated and enriched in acetylated histone H4 after VPA treatment, whereas the CpG island in proximity of the translational start site was completely unmethylated in treated and untreated cells. Concomitantly, the activity of the GLT-1 gene was profoundly increased, analogously to the actions of TSA on GLT-1 gene transcription, indicating that HDAC inhibitory properties of VPA are attributable to the documented effects. The differentially methylated promoter region contains putative consensus sequences (as predicted by MatInspector software) for the recruitment of two chromatin regulatory proteins, namely nuclear factor 1 and myb-like transcriptional regulator (Chikhirzhina et al, 2008; Ko et al, 2008) . A number of epigenetically regulated genes such as myoD are differentially methylated at distal enhancer elements, whereas CpG islands close to transcription start sites are protected from methylation (Brunk et al, 1996) and, hence, are less susceptible to epigenetic alterations.
Chronic VPA exposure increases GLT-1 expression in vivo in the rodent hippocampus (Hassel et al, 2001 ). In addition, I-phenylpyridinium-challenged primary astrocytes, simultaneously treated with TSA, showed improvement in glutamate uptake as reported by Wu et al (2008a) . Very recently, Allritz et al (2009) showed stimulatory effects of TSA on GLT-1 mRNA and protein levels in rat astrocytes of various brain regions. We complement the findings that HDAC-I likely induces GLT-1 expression in part by chromatin changes at the promoter region, probably in concert with the induction of transacting factors. Conversely, AMI neither targeted GLT-1 gene transcription nor the respective CpG sites within the GLT-1 promoter.
Taken together, we could show for the first time that of all tested psychoactive substances, VPA exerted the strongest influence on chromatin remodeling events in astrocytes involving CpG demethylation and histone modifications, targeting GLT-1, an astroglial gene important for glutamate homeostasis in the CNS. Similarly, AMI also brought about changes in global DNA methylation, possibly by functional impairment of DNMTs, without targeting the GLT-1 gene (Figure 7) . The underlying molecular mechanisms and biological conditions including different neural cell types Figure 7 Proposed model for VPA-and AMI-mediated epigenetic alterations in astrocytes. VPA and AMI display an input on global DNA demethylation, although through different mechanisms. As VPA inhibits HDACs, and AMI impairs DNMT function, the measurable difference in global epigenetic marks consists of hyperacetylation of histones in the case of VPA, which are not affected by AMI. Locally, downstream pathways further diverge as exemplified for the GLT-1 gene. The biochemical composition of the promoter is markedly altered by VPA exposure by means of histone hyperacetylation and DNA demethylation, resulting in an enhanced gene transcription. AMI does not possess similar features, and subsequently leaves gene activity unaffected. Round circles represent CpG sites; shading reflects the degree of methylation; oval circles depict core histones.
Psychoactive drugs impact on epigenetic marks T Perisic et al and brain regions of AMI-affected DNMT-1 function are yet to be determined. It will be interesting to uncover the common and divergent sites affected by the global demethylating actions by these two drugs. It also remains to be seen whether other tricyclic and SNRI/SSRI drugs show similar effects on the DNA methylation machinery, and whether these effects might contribute to the recovery of disturbed neural processes.
In conclusion, a promising new approach for the pharmacological treatment of psychiatric illnesses could be based on the reversal of aberrantly established epigenetic patterns. Two principle strategies could guide to the future objective: first, pharmacological intervention directly interferes with epigenetic machinery as shown in this study for VPA and AMI, resulting in overall changes in the epigenetic pattern of chromatin. In fact, HDAC-I NaB exerts antidepressant-like effects (Schroeder et al, 2007) and improves cognitive performance in mice (Fischer et al, 2007) . Apparently, this strategy holds the risk of reactivating genes in a false spatial-temporal context. The parameter ensuring that only a subset of crucial genes are reactivated might rely on the composition of transcription factors governing the transcriptome characteristic for a specific cell type, such as an astrocyte or neuron. The second strategy comprises the indirect modulation of epigenetic marks either globally or locally by interfering with neurotransmitter and signal transduction pathways, ultimately resulting in epigenetically based and permanently changed target gene expression patterns. In general, identifying novel HDAC-Ior DNMT-1-regulated genes acting in support of neural circuits might provide a starting point for the development of new pharmacological treatment designs.
